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ABSTRACT 
In the present investigation, nickel-aluminum end-member 
diffusion couples have been run over a broad range of pressures, 
temperatures, and times, in an effort to pinpoint the conditions 
under which the effects of pressure on intermediate phase growth 
might be significant.  No significant change in the extent of 
y-NijAl- layer growth was observed, in contrast to previously 
published studies carried out over a more limited pressure range. 
Using electron probe microanalysis, no concentration changes are 
observed at the two phase interfaces as a function of pressure. 
It is also shown theoretically that decreases in interdiffusion 
coefficients in the pressure range employed, cannot account for 
significant differences in y-Ni^Al- layer thickness at different 
pressures, and that extremely high pressures (=700 MPa) would 
be required to produce significant changes in D that would in 
turn, produce measurable changes in the extent of Y~N1?A1_ 
phase growth. 
In the U-Al system, observed increases in £-UAl~ layer 
growth with increasing pressure are attributed to mechanical 
closure of Kirkendall voids that are present and retarded £-UAl_ 
layer growth at lower pressures. This is in agreement with 
previously reported results. Non-parabolic growth was observed 
in the U-Al system and is accounted for as being a consequence 
of interfacial breakdovn at the uranium-end of the diffusion 
1 
couple.  Again, since this result is at odds with previously 
reported results, detailed studies of the microstructure 
developed during diffusion have been made. 
Using electron probe microanalysis and back-scattered 
electron imaging on the scanning electron microscope, it has 
been determined that only one phase (C-UA1.) grows to any 
significant extent in this system. This phase partially 
decomposes into C-UAI2 at the uranium-end of the couple at lower 
temperatures, i.e., during the slow cooling cycle experienced 
by the diffusion couples, resulting in a "multiphase" region. 
No such region is observed in fast-cooled diffusion couples. 
A schematic model has been developed to account for the observed 
behavior in this system.  Electron probe microanalysis could 
not be used to establish changes in interfacial concentrations 
with pressure in the U-Al system.  Tills is attributed to the 
presence of the multiphase region at the one-end of the diffusion 
couple. 
During the present study, attempts were made to investigate 
the nature of the non-planar interfaces  in the U-Al and Fe-Al 
systems, using X-ray diffraction.  Unlike the preferred orientation 
observed for the n-Fe2Al_ phase in the iron-aluminum system, no 
preferential growth direction could be established in the U-Al 
system.  The Y~Ni2Al_ phase in the nickel-aluminum couples was 
also examined for preferred orientation, but none was found. This 
is consistent with the grain-size and morphology of the 
phase as revealed by optical microscopy under polarized light. 
Uranium-copper diffusion couples were run at three different 
pressures. Again, no increase in UCu- layer growth was observed 
with increasing pressure, contrary to previous reports.  Similarly, 
discrepancy with previous literature reports was found when 
electron-probe microanalysis carried out on two of the couples 
run at different pressures, revealed no significant differences 
in concentration gradients in the intermediate phase. 
1.0 INTRODUCTION 
Diffusion bonding refers to the solid-state joining of 
two metals or alloys at elevated temperatures and pressures. 
Usually the bonding takes place in vacuum or inert atmospheres 
in order to prevent oxidation and consequent degradation of 
the joint. 
When the two dissimilar metals being joined do not form 
a continuous series of solid solutions, the diffusion process 
is characterized by the formation of intermediate phases. 
These phases are predicted by the corresponding phase diagrams. 
The extent to which these phases grow,  assuming that nucleation 
is not a barrier, depends upon the coefficient of interdiffusion 
of the diffusion 3pecies in the various intermediate phases 
and on the concentration gradients across the phases. 
The quality of a solid-state bond depends upon the thicknesses 
of the intermediate phases that form during diffusion.  These 
phases are usually very hard and brittle, and if allowed to 
grow to large thicknesses, can adversely affect the mechancial 
properties of the joint.  Further, in the manufacture and assembly 
of electronic components,these phases can alter the electric 
properties of the product. 
This investigation Is concerned with diffusion in binary, 
multiphase systems with aluminum as the common end-member.  These 
types of systems \;ere chosen for the following reasons: 
(a) Light-weight Al-X load bearing joints are used in the 
aircraft industry.  In addition, components with complex shapes 
can be manufactured without the use of sophisticated machining 
and its associated high costs.  Fusion welding of dissimilar 
metals, as an alternative means of joining, is not always a 
metallurgically attractive proposition. 
(b) Aluminide coatings are important for corrosion resistance 
in elevated temperature service, e.g. turbine blades fabricated 
from nickel-base superalloys and uranium nuclear fuel elements. 
(c) Al-X systems are frequently characterized by the 
formation of more than one intermediate phase.  Metallurgically, 
the significance of this observation would justify an attempt 
to examine such systems, and to better understand the factors 
that affect the bonding process. 
Two major areas of emphasis are considered. The first deals 
with the effects of externally applied uniaxial pressure on the 
kinetics of growth of the intermediate phases that form as a 
result of interdiffusion. The second deals with the morphology 
of these intermediate phases. The three systems examined are 
Al-Ni, Al-U and Al-Fe.  For comparative purposes, the U-Cu 
system is also examined for the presence of a "pressure-effect" 
such as reported earlier,   and because only a single intermediate 
phase is expected to form. 
Since uniaxial applied pressures have previously been 
reported either to increase     or decrease  '   the growth 
rates of these phases, an attempt is made to re-examine these 
5 
effects.   Electron probe raicroanalysis is used to determine 
changes, if any, in equilibrium interfacial concentrations, 
vhich could directly affect the growth rates of the intermediate 
phases. 
The structure and morphology of the intermediate phases 
also affects the quality of the joint.  Adverse effects could 
result as a consequence of growth anisotropy  '   and inter- 
tH     f     1 1  i *)\ 
facial breakdown  ' '  *   during intermediate phase growth. 
In the present study, these factors are examined using optical 
and electron microscopy and X-ray diffraction. These techniques 
have proved useful in creating a better understanding of the 




(13) Kawakatsu and Kitayama    have reviewed and classified 
the factors affecting diffusion vcldability into:' 
(a) Bonding conditions - pressure, temperature, time, 
atmosphere, surface roughness, and cleanliness. 
(b) Physical and chemical properties of the parent metals— 
crystal structure, recrystallization temperature, 
tendency to "passivity" by oxidation, etc. 
(c) Metallurgical properties—solid solubility. 
It is the first factor that is of concern to the industrial 
operator for the commercial production of successful joints. 
The second and third criteria are essential to the basic under- 
standing of the diffusion bonding process and the eventual 
establishment of suitable bonding conditions. 
When two dissimilar metals are allowed to Interdiffuse at 
elevated temperatures and pressures, either of two things could 
occur. 
(i) solid solution formation (e.g. Cu-Ni) 
(ii) intermediate phase formation (e.g. Al-Ni, Al-U, Al-Fe). 
Both processes require intimate physical contact between the 
end-members of the diffusion couple.  The development of physical 
contact has beenthe subject of earlier work,   '  and is 
pictured to occur in two stages: 
7 
(i) initial plastic flow or creep at the bonding surface, 
to smooth out local asperities 
(ii) elimination of the remnant porosity by vacancy diffusion. 
Elevated pressures and temperatures ensure the effectiveness of 
these processes and also exert a major influence on the subsequent 
interdiffusion that occurs, once good physical contact has been 
achieved.  The pressure, applied externally, can be either 
hydrostatic or uniaxial (compression). The higher the temperature 
the greater the atomic mobility.  Upper limits on temperatures 
used in solid-state bonding are governed by the melting points 
of the parent metals. Also, the intermediate phases that form during 
interdiffusion are characterized by high hardnesses and low 
ductilities, and if the temperature is too low for plastic flow, 
the mechanical stresses generated in the phases are high, leading 
to the formation of cracks    which in turn affect growth rates. 
2.2 High Pressure Effects 
The effects of high pressures on the other hand, manifest 
themselves in a variety of ways.  Explanations that account for 
these effects, along with some of the fundamental concepts 
essential to an understanding of the effects of high pressures 
on diffusion, are summarized in the following discussion: 
Diffusion of solute atoms can take place either by an 
interstitial mechanism or by a vacancy-exchange mechanism.  It 
is the latter that is under consideration in the process of 
8 
volume-diffusion.  The removal of vacancies causes a reduction 
in volume of the metal,    so the application of hydrostatic 
pressure would induce the metal to lose vacancies by diffusion 
to free surfaces.  A reduction in vacancy concentration decreases 
the rate cf volume-diffusion. 
The process of moving an atom from one equilibrium lattice 
position to another (diffusion) requires an energy input which 
causes the atoms to vibrate with increasing amplitude.  There 
is a point between the two equilibrium sites at which the atom, 
having arrived by thermal oscillations, has an equal probability 
of either reverting to its original position,or of moving into 
the adjacent equilibrium position in the crystal lattice. When 
the atom is at this position, it is said to be in an "activated" 
state, and at any instant there are many such "activated complexes" 
present in the metal. When the atom is in the activated state, 
the neighboring atoms are slightly pushed apart and the result 
is a small increase in volume of the metal.  This volume increase 
is called the "activation volume".  The physical effect of pressure 
(17) 
is to reduce the concentration of activated complexes, 
resulting in a decrease in diffusion rates.  (The average 
interatomic spacing is reduced thus enhancing the repulsive 
forces encountered by atoms migrating between equilibrium 
(18} 
sites in the lattice.   )  Other hypotheses (such as a change 
in electron configuration giving rise to an increase in the 
energy barrier which in turn, decreases mutual motions of atoms 
(19) in the diffusion zone)    have been advanced to account for the 
observed effects of applied pressure on overall interdiffusion. 
rates.  There is, however, general agreement in the literature 
that high pressures decrease the magnitude of interdiffusion 
coefficients. 
When two metals are diffusion bonded with thin lengths of 
wire (markers) placed between them, it is frequently found, on 
examination of a cross-section of the diffusion interface, 
that the positions of these markers have changed.  This is 
attributed to a difference in mass-flow rates of the two types of 
atoms.  The wires are physically "pushed" towards the side of the 
faster diffusing metal.  This difference in mass transfer causes 
an accumulation of vacancies on the same side of the couple 
as the markers.  In due course, these vacancies coalesce to form 
micro-voids or pores, which effectively retard diffusion. 
The application of compressive stresses, on the couple results 
in the closure of these "Kirkendall" voids, thus enhancing 
diffusion by increasing the contact surface area between the 
metals.  This effect has been confirmed by experimental obser- 
(2) 
vations in various binary, multi-phase systems, e.g. U-Al 
Ag-Sb/3) Sb-Cu,(A) Nb-Ni.(5) 
Since the application of pressure alters the free energies 
of the various phases in any system, the positions of the tangents 
to the free-energy vs. composition curves, are altered    with 
consequent changes in the concentrations at the diffusion inter- 
10 
faces.  These concentration shifts are very small, especially 
at the nominal pressures employed and are therefore often 
difficult to measure.  (Concentration shifts result in 
alterations in the concentration gradients in the intermediate 
phases with consequent effects on diffusion rates.) It should 
be noted that the concentrations at a moving interface in a diffu- 
sion couple are not necessarily true equilibrium values,    and that 
the concentration shifts that may occur under pressure are only 
relative numbers.  A pressure-induced increase in growth rate 
of the UA1„ phase in the U-Al system has been reported previously 
by LeClaire and Bear,   who suggest changes in intcrfacial 
concentrations as a contributing cause. 
(21) 
Castleman    has estimated the magnitude of these 
shifts in compositions with applied pressure, in the U-Al and 
Ni-Al systems, and has interpreted the pressure-induced decrease 
/ON 
that he observed in Ni_Al_ (Y)-phase growth rate   as being 
solely due to a decrease in interdiffusion coefficient.  He also 
(2) 
concludes   that it is not possible to account for the observed 
pressure-induced increase in growth rate of the UA1- phase as 
being solely due to a change in concentration gradients within 
the phase. 
If two interdiffusing metals, A and B, combine to form an 
intermediate phase with the nominal compositions A B , and 
there is an effective increase in volume during the transformation 
(due to the fact that the molar volume of A B is greater than 
the combined molar volumes of A and B), the application of pressure 
11 
is expected to have an adverse effect upon the growth rates of 
the new phase A B .  High pressure should therefore favor the 
x y 
growth of the compound with the least volume increase on 
transformation. 
Finally, an estimate of the effect of hydrostatic pressure 
on diffusion has been made.  The theoretical basis for the calcu- 
lation is as follows. 
For self-diffusion in a pure metal, by the vacancy mechanism 
D - a2 N W (1) 
v 
where 
a «= lattice parameter 
N - fraction of vacant lattice sites 
W - average jump frequency. 
-AG 
Nv - exp (-^*) (2) 
where 
AG ■ free energy change of an infinite crystal per mole 
of vacancies added, over and above the entropy of mixing. 
-AG 
W - v exp (r-g±) (3) 
where 
v «= vibrational frequency of an atom about its equilibrium 
site. 
AG «= free energy change per mole of activated complexes. 
Therefore substituting for N and W in equation (1): 
-AGv      -AG^ 
D « a v exp ( RT ) exp ( RTra) (4) 
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Differentiating equation (A) with respect to pressure: 
SP    I    RT )v 9P ;     ^ ap ;\ *• ' 
T T 
and since (~£)  «= AV (Partial Molar Quantity/22* (6) 9P T 
therefore 
3ln (D/a2v) it i  -AV 
'AV + AV J = —£ (7) 8P RT  )  v   " m (   RT 
T 
where 
AV ■ partial molar volume of vacancies 
AV = partial molar volume of activated complexes 
m ' 
AV ■ activation volume 
a 
Integrating equation (7): 
r ? r -AV„ J 8 {In (D/aS) } - J (-^) 3P 
or 
or 
9    -AV -p 
In (D/aN) -  R^ 
9 -P'AV 
D » ay exp ( RT a) (8) 
Assuming a and v are relatively constant with pressure, from 
equation (8): 
AV 
In Dx -(-P^ -Ry+ In (a2v) 
13 
where 






E(-Pp>"n+ ln (a V) 
where 
D = diffusion coefficient and pressure at the arbitrary 
pressure "P" 
Therefore, by subtraction 
AV 
in Dp - In D^ ^ (Pp - P^ (9) 
Combining logarthmic terms and expressing the equation in an 
exponential form gives the final result: 
D AV 
gE- - exp (-AP • -^) (10) 
The effects of both hydrostatic pressure and uniaxial 
compression in a constrained system, upon the resultant stress at 
(23) 
an interface, are similar,    except for small edge effects. 
Hydrostatic pressures are used primarily in powder metallurgical 
applications and where weld-geometries are relatively complex, 
while uniaxial compression is more commonly used in applications 
such as diffusion bonding of sheet products.  Only uniaxial 
compression in a constrained system, has been used in this 
investigation. 
14 
Intermediate Phase Formation 
According to thermodynamic predictions, all the intermetallic 
compounds existing in the appropriate equilibrium phase diagram 
should appear simultaneously in binary, multiphase systems.  This 
(8 9 24) has been observed experimentally in some metallic systems,  ' ' 
but not in others.        In the U-Al system, some investigators  ' 
have reported the presence of only one phase—C-UA1-, contrary 
to the observations of others.  ' ' 
Hie absence of certain phases in some systems can be 
C32 33) 
attributed^  '  'to cither: (a) difficulties in nucleation, or 
(b) slow growth rates.  Delayed nucleation may be due to crystal- 
lographic constraints while slow growth rates may be due to low 
interdiffusion coefficients and narrow concentration gradients 
in the intermediate phases.  Also, the presence of a phase with 
a higher diffusivity, which then grows at the expense of the 
other phases in the system, can explain the observed absence 
(25) 
of the latter.   ' 
Walser and Bene    have proposed a simple empirical rule 
governing first phase nucleation In silicon-transition metal 
2 
systems.  This rule, termed the "R Rule", states that, for 
couples annealed at low temperatures, i.e. T -yL (where 
T = eutectic temperature), the first phase to nucleate in h. 
planar, binary reaction couples is the congruently melting phase 
adjacent to the lowest temperature eutectic, on the bulk equili- 
brium phase diagram.  A survey of the literature carried out with 
the purpose of determining the applicability of this rule to other 
15 
(27) 
binary, metallic, Al-X type systems, reveals tvo systems—Nb-Al 
and Fe-Al   '   vhere the prediction for first-phase nucleation 
holds. 
2.4 Non-Planar Growth 
Tacit assumptions made in the derivation of equations and 
their solutions that govern diffusional behavior in binary, 
multiphase systems arc that diffusion is unidirectonal and 
that the moving interfaces arc planar throughout the duration of 
growth of the intermediate phases.  However, interfacial break- 
down has been observed in systems such as U-Al *"'  and Fe-Al 
and irregular layer growth has also been observed in the Ni-Mo 
(10) system. 
2.5 Non-Parabolic Growth Rates 
Non-parabolic growth rates, supposedly uncommon in most 
volume-diffusion controlled processes, have been reported in 
the Ti-Ni system '   for the TiNi3 phase; in the Ni-Al system 
for the initial stages of growth of the g-NiAl- phase; and 
in the Co-Mo system  ' for Che u-Co-Mo, phase. Most of these 
have been attributed to grain boundary diffusion    or to 
(35) 
contributions from dislocation diffusion. 
2.6 Growth Anisotropy 
Growth anisotropy in the form of a columnar grain structure 
in the intermediate phases, cap result in poor bi-axial mechanical 
properties in the bond.  Such anisotropic growth has been observed 
16 
in the HI-U, <36) Fe-Al5U'12) Ti-Ni,(9) Mo-Fe,(10) and Mo-Co (10) 
systems.  In addition, a crystallographic texture may be imparted 
to the growing phase.  It should be emphasized that the formation 
of relatively thick, brittle intermediate phase layers also 
adversely affects the mechanical properties of the joint.  Up to 
a certain extent, the formation and growth of intermediate 
phases contribute to bonding efficiency.  When initial thicknesses 
are exceeded, the bulk properties of the intermediate phases are 
imparted to the joints and bond-strengths are reduced.  This has 
been supported by experimental observations.   ' 
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2.7 Purpose and Outline of Present Investigation 
This investigation is divided into two parts.  The first 
part concentrates on the effect of stress on the kinetics of 
growth of intermediate phases in the Ni-Al, U-Al and U-Cu systems. 
A number of diffusion couples have been run in these systems 
in an effort to pinpoint the extent (if any) of the pressure 
effects that have been observed by other investigators.  • » » » ' 
Electron probe microanalysis has been carried out on certain 
couples in each of these systems to determine changes, if any, 
in interfacial concentrations, as these have been used to explain 
(1 d"s 
the reported increase  '   in C-UA1^ layer growth under pressure. 
Since the extent of intermediate phase formation should also be 
affected by a change in the interdiffusion coefficient, a 
theoretical estimate of the decrease in D in the y-Ni„Al„ inter- 
mediate phase is also presented. 
The second part of this investigation concentrates on the 
microstructural aspects of intermediate phase growth in the dif- 
fusion couples.  The techniques that have been used to examine 
the structures of the intermediate phases include back-scattered 
electron imaging on a scanning electron microscope and X-ray 
diffraction, as well as optical microscopy. 
18 
3.0 EXPERIMENTAL PROCEDURES 
3.1 Materials Used 
Pure aluminum and nickel (99.99%) were used to make the 
Ni-Al couples.  Depleted uranium (at. wt.238), approximately 
98% pure, supplied by the Alfa division of Ventron Corporation, 
vas used in the preparation of the U-Al couples.  In addition 
to the couples made using the pure metals as end members in the 
Ni-Al system, a series of couples vere prepared using NiAl and 
pure aluminum as end members.  The NiAl used was in the form of 
a single crystal. 
This was obtained from Professor S. R. Butler and its 
composition was 70 wt% nickel as determined by microprobe 
analysis.  The pure nickel and aluminum metals used were poly- 
crystalline, and relatively coarse grained, with a post heat- 
treated grain size of approximately 1 mm.  A series of diffusion 
couples was also run under different pressures, using pure 
uranium and pure copper as end members.  The copper used was 
99.99% pure.  A slice of copper was cut from available bar 
stock and 1/4" diameter discs were electro-discharge machined 
from this slice for use in the diffusion couples.  The copper 
discs were polished and cleaned according to the procedure 
described below. 
An unsuccessful attempt vas made to prepare NiAl- and Ni-Al., 
alloys by induction melting of pure nickel and aluminum contained 
in an alumina crucible in a argon atmosphere.  However, NiAlo 
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was successfully prepared by hot-pressing a mixture of NiAl.,, 
Ni_Al_, and Al powders (obtained from Dr. F. D. Lerakey of 
United Aircraft).  This powder mixture was heated for 7200 
seconds at 600 C and under a pressure of 69 MPa.  Plugs of 
material were electro-discharge machined out of the hot-pressed 
sample, and these plugs were cut into discs on the diamond saw. 
The NiAl., was analyzed in the microprobe and found to be 
fine grained, single-phase,  and homogeneous.  However, the 
porosity content was high (5% or less), the porosity present 
occurring mainly along the grain boundaries.  A diffusion couple 
was prepared between the NiAl_ and the NiAl single crystal. 
Thin discs (approximately 1.5 mm thick) of nickel and 
uranium were used to make the various diffusion couples, while 
the thickness of the aluminum discs used, varied from about 
1.5 mm (in the case of Ni-Al couples) to about 3 mm (in the case 
of U-Al couples, to accommodate the faster growth rates of the 
intermetallic layer in this system).  A Buehler low speed diamond 
saw was used to make all cuts. 
The discs were polished on 600 grit paper and cleaned and 
degreased ultrasonically using acetone solvent.  In the case of 
aluminum a pre-treatment in dilute sodium hydroxide solution 
was used to remove the oxide layer usually present, prior to 
degreasing in acetone. 
The geometry of the assembled specimens is shown in Figure 1, 
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TZM (a Molybdenum alloy containing 0.5% Titanium and 0.1% Zir- 
conium) cups and plungers were used to contain the couples 
and prevent lateral plastic flow of the aluminum under the 
prevailing temperature and pressures. 
3.2 Preparation of the Diffusion Couples 
The cleaned discs were assembled and hot pressed in 
vacuum (<5 millitorr) using the hot press equipment illustrated 
in Figure 2. 
The hot press consists of a vacuum chamber containing two 
rams through which uniaxial stress could be applied hydraulically 
and a water cooled copper coil induction heating system that is used 
to heat the specimens to the required diffusion temperatures. 
A thermocouple (Chromel-Alumel) was placed between the TZM 
cup and the bottom ram.  The top ram was brought down until it 
just made contact with the top of the specimen.  No significant 
pressure was applied, but this insured good contact between the 
specimen and the thermocouple and prevented the thermocouple 
from becoming dislodged accidentally during the subsequent 
operations.  The vacuum chamber was sealed and pumped down to 
below 5 millitorr.  The attached motor-generated set, that 
supplied current to the heating coils, was activated and the 
specimens were brought up to temperature in approximately 25 
minutes.  The same heating rate was used for all the diffusion 
couples to minimize relative errors in intermediate-phase layer- 
thickness measurements due to diffusion during the heating cycle. 
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The temperature was monitored with a Lceds-Korthrup potentiometer. 
Once the diffusion temperature was reached, pressure was applied 
through the top ram, when necessary, and maintained throughout 
the duration of the diffusion run.  The hot-press was calibrated 
using a 5,000 lb. load cell prior to the diffusion experiments. 
The so-called "zero pressure" runs were made with the top ram 
in light contact with the specimen as in the heating cycle. 
Temperatures did not vary by more than + 2 degrees C during the 
experiments. 
At the end of the diffusion run, the power to the heating 
coils was cut off, the pressure released and the specimen allowed 
to cool in the vacuum chamber.  Figure 3a is a macrograph of 
a section of a Ni-Al-U diffusion couple.  The metallic discs 
were prepared using the same procedure and precautions described 
earlier.  The couple was heated up to 575 C and then allowed to 
cool.  The thickness of each of the intermediate phases 
occurring in both Ni-Al and U-Al systems, was measured from a 
high magnification (1000X) optical micrograph to determine the 
error due to the heating and cooling cycles (Fig. 3b). 
The Fe-Al couples examined during the course of this study 
were obtained from Dr. A. Sarkhel.  They were prepared in the 
hot-press (Figure 2) using a procedure similar to that described 
above.  The two Fe-Al couples examined were fabricated at 550 C 
for 2 hrs. (7200 seconds).  A number of U-Al couples were prepared, 
using a conventional clamp; these were heated in a resistance 
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furnace in vacuum-sealed quartz tubes.  The couples were then 
rapidly quenched in cold water on removal from the furnace. 
3.3 Examination of the Specimens 
The diffusion couples so prepared, were removed from the 
vacuum chamber, sectioned on a plane parallel to the diffusion 
direction, and one-half of the couple was then mounted in bake- 
lite for subsequent metallographic examination and microprobe 
analysis. 
The mounted specimens were ground successively on 240, 
320, 400, and 600 grit emery papers and then polished using alumina 
abrasive paste (1, 0.6 and 0.03 microns,respectively).  Specimens 
that were analyzed in the electron microprobe were polished 
with diamond paste (1, 0.25 microns, respectively) to ensure 
a flat surface with negligible relief at the interface.  Also, 
the U-Al couples that were examined in the SEM were polished 
with diamond paste to eliminate the etching artifacts that 
were sometimes observed in the specimens polished with alumina 
paste. 
Thickness measurements of the intermediate phase layers 
in the Ni-Al and U-Cu couples were made in a microhardness 
tester using a graduated eyepiece.  The instrument was first 
calibrated using a standard grid.  Typically, ten to twelve 
thickness readings were taken at equally spaced intervals along 
the length of the interface and these were arithmetically averaged. 
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Thickness measurements of the intermediate phase layers 
in the U-Al couples were made from photographs taken at a 
magnification of 50X.  This was necessary because the magnitude 
of the intermediate phase growth precluded the use of the 
microhardncss tester with the graduated eyepiece owing to its 
limited field of view at higher magnifications.  Thickness 
measurements reported for the U-Al couples are for the entire 
reaction region; no attempt was made to correct these readings 
for the "multiphase" region present near the pure-uranium end of 
the diffusion couple.  The U-Al measurements were made by 
dividing the photograph into seven equal sections (by eight 
vertical grid lines) perpendicular to the interfaces in the 
couples.  Readings were made along these eight lines and 
averaged arithmetically. 
A second set of thickness measurements, adjusted for 
cracks and voids lying in the path of the vertical grid lines, 
were also recorded.  This was done in an attempt to determine 
the actual extent of intermediate phase growth as it existed 
during diffusion under pressure, in U-Al couples, before 
cracking had occurred. 
Microprobe analysis was carried out on different series 
of Ni-Al, U-Al, and U-Cu couples, to determine the extent,if 
any, of changes in interfacial equilibrium concentrations.* 
The specimens were carbon coated prior to analysis.  Compositional 
traces were made perpendicular to the interfaces at a minimum of 
*For discussion of errors in microprobe analysis, see Appendix A 
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two locations.  The wavelength dispersive spectrometer crystals 
used to analyze the X-rays from the various specimens are LiF 
(for nickel K  and copper K ), RAP (for aluminum K ), and ADP 
(for uranium M ).  Counting times were 60 seconds for both the 
wavelength dispersive and energy dispersive spectrometers. 
The operating conditions used in the ARL microprobe were: 
Accelerating Potential:  20 kV 
Sample Current:  0.05uA or 0.03uA 
Electron Beam Penetration depth at 20 kV (as 
determined using equation 5 on p. 54, ref. no. 38) - 1.0 vim 
(for Ni) and 0.5 um (for U). 
The pure metals were used as the respective standards for the 
microprobe analysis. The purity of the standards was checked 
using the energy dispersive spectrometer. 
X-ray diffraction was carried out on the intermediate phases 
that formed in Ni-Al, U-Al and Fe-Al diffusion couples to 
determine the presence of any preferred orientation during grot>'th. 
For these experiments, the remaining halves of some of the 
diffusion couples were ground parallel to the interface to expose 
the surface of the most freshly-formed intermediate phase. The 
specimen was then irradiated in a Siemens diffractometer using 
various appropriate X-ray tubes (i.e. Cu-K for U-Al and Ni-Al 
couples and Mo-K for Fe-Al couples) . 
Scanning electron microscopic examination was carried out 
on some of the Fe-Al and U-Al couples.  The back-scattered electron 
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imaging capability of the SEM was used to examine the nature of 
the non-planar interfaces that vere present in these specimens. 
Back-scattered electrons are high energy electrons originally 
part of the incident electron beam, that have been deflected 
back out of the specimen after elastic interaction with the 
atomic nucleii. The yield of such electrons is directly pro- 
portional to the average atomic number of the material under 
investigation.     Hence, in a flat, polished specimen, areas 
comprised of higher atomic number of elements appear relatively 
brighter than others, and compositional differences can be 
observed as a consequence of atomic number contrast.  Again, 
the specimens were carbon coated prior to examination to prevent 
charge accumulation in the cracked intermediate layers. An 
operating voltage of 20 kV was used with a working distance 
of 16 mm. 
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4.0 RESULTS AND DISCUSSION 
A number of systems have been studied during the current 
investigation.  Due to differences in the interpretation of the 
results in each system, they are presented individually.  Phase 
diagrams for each of the systems are shown in Figures 4-7. 
4.1 The Nickel-Aluminum System - Pressure-related Experiments 
Many diffusion couples were run over a wide range of conditions, 
using pure nickel and aluminum as end members.  All couples were 
subjected to the same heating and cooling rates to minimize 
relative errors due to the occurrence of diffusion during these 
periods.  The measured 0-NiAl- and y-Ni-Al- intermediate phase 
widths for each diffusion couple are given in Table I.  Data taken 
at 550 C and 600 C at the lowest nominal pressures for different 
diffusion times indicate parabolic growth behavior for the yNi-Al, 
phase, consistent with the previous work of Castleman and Seigle 
(37) 
and Janssen and Rieck.     Plots of layer thickness versus pressure 
for various times,  constructed from the data, are shown in Figures 
8-10. The results of experiments carried out by Castleman and Seigle 
under almost identical conditions but at pressures only up to 
69 MPa, are also included in each figure for comparison. A much 
wider range of pressures(^621 MPa maximum) was employed in the 
present study.  In both the 28,800 second (8 hr.) and 345,600 
second (96 hrs.) series of experiments (Figures 9 and 10) it is 
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obvious that the present results arc not consistent with the earlier 
(7 8) 
work, '  i.e. a large pressure effect is not observed.  Only the 
lowest temperature-shortest time results of the present study (i.e., 
at 550 C for 9000 seconds, Figure 8) appear to be In agreement with 
the results of Castleman and Seigle   and indicate a consistent 
decrease in layer thickness with increasing pressure.  The present 
data at 600°C for 9000 seconds (2.5 hrs.) and 11,400 seconds 
(Ohrs.) also indicate a lack of pressure effect.  In summary, 
except for the data obtained after 9000 seconds at 550°C and 600°C 
and 11,400 seconds at 600 C, the results of this investigation 
appear to show first a slight initial increase, followed by a 
small decrease in y-^^^S layer thickness, with an increase in 
pressure. 
The standard deviation (S) for the layer thickness measurements 
v  ^   u  (38) is given by: 
n 
S - \    Z     (NrN)2/(n-l)J h (1) 
where N = E N./n, n Is the number of thickness measurements for 
i-1 
each intermediate phase layer and N. is an individual thickness 
measurement.  The standard deviations, in most of the thickness 
measurements, range between 1 and 2 microns. 
Although the error in the individual thickness measurements 
is related to the standard deviation, the interpoint error (Figures 
8-10)is a function of (i) the variation in the temperature histories 
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of the individual diffusion couples, (ii) the variation in the initial 
surface conditions of the metallic discs used to make the couples, 
and (iii) the variation in the amount of deformation imparted to 
the couple.  The first factor is present over the entire duration 
of the diffusion runs, while the second and third factors are more 
likely responsible for the small variations in intermediate layer 
thicknesses especially in the shorter time, lower temperature runs. 
Given the above mentioned considerations, and the fact that a strong 
consistent pressure effect is not observed, "least squares" lines 
have been drawn through the data. 
Based on the theory presented earlier (see Section 2.2), estimates 
were made of the effect of pressure on the interdiffusion coefficient 
(D) in the Y~Ni«Al_ phase, and hence, on the extent of the Y-layer 
growth. 
In lattices comprised of close-packed spheres, AV (the partial 
molar volume of vacancies) is approximately 0.55 V (eg. Copper ^jy'') 
where V„ is the molar volume of the phase at atmospheric pressure, 
and AV (the partial molar volume of activated complexes) is 
m 
approximately 0.15 V (eg. Gold™)). Therefore, AV (the activation 
volume) which is the sum of these terms, can be as high as 0.70 V . 
(42) 
This has been verified in the case of lead, silver, and y-iron. 
In lattices with lower packing efficiencies (eg. bcc metals) AV 
a 
is likely to be around 0.5 V or lower. The activation volume for 
intermetallic compounds characterized by relatively "open" structures 
with low symmetries may well be as low as that reported for liquid 
(43) 
metals (eg. 0.05 for mercury). 
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If Dp and D. arc the appropriate diffusion coefficients at 
any pressure "P" greater than atmospheric pressure^, and at atmos- 
DP pheric pressure, respectively, then the quantity ^— is a measure 
Dl 
of the change in the diffusion coefficient with pressure.  If 
Dp 
~*j—   is less than 1.0, then D decreases with an increase in pressure 
Dl * c    DP I 
and the percentage reduction in D may be given as R_ «= J(l - (*z~)\   ' 
Dl 
100.  Also, since X « 2 £ /Dt where X is the position of any one of 
the interfaces at any time "t" with respect to its initial position 
(X ■= 0 at t « 0), and "£" Is a proportionality constant, the change 
ftp 
in X is proportional to the change in —, if "£" is assumed not to 
be a function of pressure. 
Therefore, the percentage reduction in X, R„, is related.^ 
Dp 
directly to the quantity Rn. As shown in Table II, values of T— 
°
&1 
have been determined as a function of AP (the pressure-head) for 
two cases:  AV„ ■= 0.75 V.. and AV - 0.5 V...  Since most inter- 
a       M       a       M 
mediate phases that form In multiphase, binary diffusion couples 
are characterized by structures with low syiumetry, the choice of 
these values for AV is justified.  The larger the activation 
volume, the larger is the magnitude of the pressure effect.  Since 
the values of AV used in the calculations were upper conservative 
values, significant pressure effects would not be expected except 
at the very highest pressure levels used (= 621 MPa) or at even 
higher levels.  For example, if a lower, but still realistic, 
value of AV  =0.15 Vw were used, a significant pressure effect a       M 
would not be observed even at pressures as high as ^-1380 MPa.  The 
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thickness reduction in this case would be at most approximately 5%. 
Electron probe microanalysis was carried out on the 345,600 
second (96 hr.) series of diffusion couples to examine the possible 
effect of pressure on intcrfacial concentrations.  The results 
are summarized in Table III.  The numbers represent nickel con- 
centrations within the intermediate phases, at points 2-3 microns 
from each of the interfaces.  These positions are marked in 
Figure 11 for convenience, and are not to scale. Compositional 
traces were also made on both couples, perpendicular to the 
interfaces.  The results were plotted on craPn paper and an 
extrapolation technique was used to determine the actual inter- 
facial concentrations at either end of the two Intermediate 
phases. 
The range of homogeneity in weight percent nickel for each 
of the analyses In Table III, was determined from the following 
.<       (38) equation: 
+ JpL   „ + (t1-")   s     (100)/(n1/2'N) (2) 
—     L —      n-l       c 
where C is the true weight fraction of the element of interest, 
n is the number of measurements, N is the average number of 
counts accumulated at each position, S is the standard deviation 
1-a 
and t  , is the student factor for a 1-a confidence level and 
n-l 
for n-l degrees of freedom.  For example, in the present study, 
t1"^ = 2.365 (for a 95% confidence level from Table II, p. 448, 
3       — 5 
ref. no. 38), S = 5.13 x 10 counts, K = 9.09 x 10 counts and 
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n = 6.  The resulting homogeneity range is + 0.54 wt% Ni. 
The above error is to be distinguished from the analytical 
sensitivity of the microprobe.  The analytical sensitivity is 
related to the ability of the instrument to distinguish between 
two compositions C. and C„, on the same sample or in two 
different samples (as in the current investigation), that are nearly 
equal, for any given element.  The analytical sensitivity is 




 >  wo __ (3) 
n
lU
   (N-NB) 
where AC » C. - C2, "C" is the composition of one element in the 
sample, N and N_ are the average number of X-ray counts of the 
D 
element of interest for the sample and the continuum background 
on the sample, respectively, S is the standard deviation, t 1 
is the student factor dependent on the confidence level 1-a, 
and n is the number of repetitions.  For example, in the present 
study, n » 6, N « 9.09 x 10 counts, NR ■ 64 counts, S « 5.13 x 
10 counts, t ~° = 2.365 (from Table II, p. 448, ref. no. 38), 
and C« 60 wt% Ni.  The resultant "AC" value is therefore 0.43 
wtZ Ni.  "AC" values have been determined for the data in Table 
III and included in the same table for convenience.  These AC 
sensitivities can be used to say that smaller changes in con- 
centration cannot be effectively discerned under the operating 
conditions employed in the analyses. 
A comparison of the data in Table III with the actual 
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interfacial concentrations determined from the compositional 
traces using the extrapolation technique, indicates that the 
difference between the two corresponding concentrations at each 
of the interfaces is of the order of 0.5 wt% Hi.  Since this 
difference in concentrations is well within the range of 
analytical sensitivities (AC) calculated for the data in Table 
III, the concentrations in Table III may well be considered 
in place of the extrapolated interfacial concentrations.  In 
each comparison of the low-pressure to high-pressure data in 
Table II, either the statistical error in the measurement 
is larger than the analytical sensitivity of the microprobe, 
on the two values are well within the sensitivity range (AC) 
It therefore appears that there is no significant change in 
any of the interfacial concentrations with pressure. 
The overall thickness of the intermediate phase is 
governed by two factors: 
(i) the diffusion coefficient in the particular 
phase, as well as those of the adjoining phases, and 
(ii) the width of the two-phase fields on either side 
of the intermediate phase (see Figure 4). 
The theoretical basis for the overall growth rate of 
a phase may be approached as follows.  First, the necessary 
notation is given below; reference may then be made to Figure 
11 which shows a schematic for a series of intermediate phases 
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in a Ni-Al couple. 
Notation: 
V>1  « Diffusion coefficient in Ni 
D_ = Diffusion coefficient in y-Ni-Al 
^ 3 
D3 ■= Diffusion coefficient in e~NiAl 
D, « Diffusion coefficient in Al 
J1  = Flux in Ni 
J» "  Flux in Y-Ni2Al^ 
J3 * Flux in B-NiAl3 
J. "  Flux in Al 
dc (—)  ■ concentration gradient in Ni 
dc (-r-)2 = concentration gradient inY~Ni.o/Vi 
dc (-:—)  ■ concentration gradient in g-NiAl- 
dx
 3 
dc (-T—) "  concentration gradient in Al = 0 
Fick's first law may be expressed as: 
J = -fr^ (3) dx 
J. and J2 are fluxes on either side of interface (a) in Figure 11. 
If interface (a) moves a distance Ax in an increment of time At, 
then 
Jl " J2 " f • (C1 - C2> <*> 
Ax The limit of the — term as At approaches zero is: 
34 
(dt) (Cr c2>-   "  (JrJ2> 
^ 
,dcN      ,   ^     ,dc, (crc2>    * j -Di ^\ + D2 <dt>2 
1       J ^   ,dcN   ^  .dc. ,     ,CN 
"(Cpcp   ' ) °2 (te\   "Dl <d^     (5) 
Similarly, for the motion of interface (b) : 
b 
Therefore, the overall growth rate for y-Ni~Al_ at any pressure 
"P" is: 
m - m 
b a    P ' 
D
->   (4^)   ! 1 j £     ,dc. ^     .dc.    / 2
    
dx2(-      7^7       '    jD2   fe}2  "Dl   <te\[ 
^        dc   * ^        dc   *'. 
(C3-CA)        /    3   vdx'3 2   vdx'2{ (C^Cj) 
^       dc   * ^       dc   M /-»\ 
*The concentration gradients  are negative  (Figure 11). 
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It has been shown earlier that the only effect of hydro- 
static pressure on the diffusion coefficient (fr?) of the y-Ni-Al., 
intermediate phase, is a small decrease, which then slightly 
decreases the overall growth rate of the intermediate phase (see 
equation 7). 
Since it was shown earlier that there are no changes in 
the interfacial concentrations with pressure, no overall effect 
on y-growth rate is expected from considerations of possible 
changes in interfacial concentrations. 
Inspection of the data obtained for the growth of the 
B-NiAl- phase in the Ni-Al couples (Table I) does appear to indicate 
a decrease in g-phase thickness with increasing pressure.  However, 
the thickness of this phase is considerably smaller as well as 
slightly more irregular than that of the y-Ni-Al- phase; consequently, 
the standard deviation (=d micron) is almost as large as the 
observed changes in layer thickness with pressure.  Therefore, an 
attempt was made to obtain thicker g-phase intemetallic layers by 
preparing diffusion couples with single crystals of 6-NiAl and 
pure aluminum (polycrystalline), as end members. The results are given 
in Table IV.  Valid thickness measurements could not be obtained 
at 69 MPa as the layers were broken up in both trials that were 
conducted.  There appears to be no significant decrease in the 
thickness of the Y~Ni2Al- phase with an increase in pressure from 
0 to 138 MPa.  The thickness of the g-NtAl, phase, however, did 
show a 27% decrease, but based only on one measurement.  Furthermore, 
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as indicated above, it is evident from Table I that in four out 
of five series of nickel-aluminum couples (i.e., except for the 
600°C, 11,400 second data) the thickness of the 0-NiAl., phase 
decreases with increasing applied pressure. 
While the literature values^ *  ' of the diffusion coefficient 
for the B-NiAl3 phase differ considerably, it is the ratio of the 
Dp 
diffusion coefficients at two pressures, TT-, that influences the 
magnitude of the pressure effect on the intermediate phase growth 
rate.  Since the volume (V) for S-NiAl- is quite similar to that 
for B-Ni2Al- (8.82 cc/mole vs. 8.31 cc/mole), no significant 
Dp 
differences are expected for values of nr- as obtained from equation 
Dl 
10 and as given in Table II; hence, the term D_ defined above 
would remain constant. An expression for 6-NiAl- phase growth, 
similar in form to that derived previously for Y~Ni2Al3 (equation 
7) may be written as: 
0   (C5-c ) 
r<V     1  2 dx 2 ~ 3 dx 3 i (C3-CA)   I  "2   vdx'0 - u3  W, ( (8) 
*Concentration gradients are negative 
Again, by inspection of Table III, and from the above discussion, 
no significant effect of pressure on 0-NiAl- growth is expected, 
although a small decrease in g-growth is observed (Tables I, IV). 
It is obvious that the previously published results of Castleman 
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Seigle   indicating a significant decrease in y-Ni-Al layer growth 
with increasing pressure, are at variance with the results of 
this investigation.  While there is reasonable agreement between 
the two sets of results at short times and low temperatures, 
this is not the case with the present data obtained at longer times 
and higher pressures.  It has been shown that no overall effect 
on the yNijAl^ intermediate phase growth rate is expected from 
considerations of the two factors involved—i.e., diffusion 
coefficients and interfacial concentrations. This is in agreement 
with the experimental results of the present investigation. 
Theoretical considerations of the effect of pressure on the diffusion 
coefficient in the Y_Ni2Al_ phase, reveal that the magnitude of the 
pressure effects expected depends upon the activation volume of the 
phase.  Since the assumed values of activation volume used in the 
calculation are upper conservative values, the actual magnitudes 
of the expected pressure-effects will be much less than those given 
in Table II, which are already quite small at the lower levels of 
pressure. 
In summary, a comparison between previous work and that carried 
out during the present investigation based on experimental observations 
and on theoretical considerations of activation volume and changes 
in interfacial concentrations and the diffusion coefficients for the 
Y-NinAl^ phase with pressure, shows that a significant pressure 
effect is neither expected nor observed.  Similar calculations' and 
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experimental results for 0-KiAl- show that, while a small decrease 
in phase width with pressure is observed, no pressure effect 
is expected. 
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4.2  The Nickel-Aluminum System - Microstructural Investigation 
Optical micrographs of typical nickel/aluminum and 6-NiAl/ 
aluminum diffusion couples are shown in Figures 12 and 13, taken 
under polarized light.  Both couples were fabricated under identical 
temperaturc-time-pressure conditions so that the layer thicknesses 
and grain morphologies of the B-NiAl- and Y~N1_A1 phases in each 
couple could be compared. 
By comparison of the data at 600°C, 9000 seconds, 0 MPa, 
given in Tables I and IV (=50 and 41 Mms) it can be seen that the 
thickness of the Y-NijAl- phase is significantly larger in the 
nickel/aluminum couples than in the 6-NiAl/aluminum couples. This 
can be rationalized in the following manner: 
The flux in the £-Ni phase adjacent to the Y~Ni„Al_ phase in 
nickel-aluminum couples is greater than the flux in the 6-NiAl 
end member which is adjacent to the y-Ni-Al phase in d-NiAl/ 
aluminum couples.  However, the flux out of the y-Ni„Al. phase into 
the 8-NiAl_ phase in both types of couples is the same. Hence, 
the Y~Ni2Al- phase can be expected to grow at a faster rate in 
pure nickel/aluminum end-member couples. 
The grain structure of the g-NiAl3 phase in the samples 
examined, is always columnar (Figures 12,13). The grain size of 
the g-NiAl, phase is larger in 6-NiAl/aluminum couples than in 
pure nickel/aluminum couples.  The difference in grain size may 
be due to the difference in the density of likely nucleation sites 
40 
for the intermediate phase in the two types of couples under 
consideration.  Figures 14a and b are schematic illustrations 
of likely 0-NiAl_ nucleation sites in pure nickel/aluminum and 
6-NiAl/aluminum diffusion couples.  The nucleation of a new phase 
is presumed more likely to take place at the junction of two or 
more grains in the plane of the interface.  This mechanism has 
(45) previously been proposed by Baglin, et al.    for the nucleation 
of the Ag_Al phase in the silver/aluminum system. 
In the 6-NiAl/aluminum couples, the grains of the y-Ni-Al- 
phase are also elongated in the diffusion direction, but appear 
more uniform and equiaxed in the nickel (both single and poly- 
crystalline) /aluminum couples.  In all cases, however, the y-Ni-Al- 
phase is fine-grained.  This difference in grain size and morphology 
may be attributed to the presence (in the pure nickel/aluminum 
couples) of immeasureably small amounts of the 6-NiAl and c-Ni-Al 
phases between the y-Ni Al_ phase and the nickel end-member.  This 
would encourage repeated renucleation of the Y-NioAl,.  The fine 
grain size may also be due to the presence of an increased density 
of high diffusivity paths (e.g. grain boundaries) after the 
nucleation of the B-NIA1_ phase. 
X-ray diffraction studies of the Y-Ni AT  phase in the pure 
nickel/aluminum couples, bears out the earlier optical microscopy 
observations made regarding the grain morphology of the phase.  No 
indication of preferred orientation was evident, which was as 
expected in the equiaxed, fine-grained phase.  The intensity 
41 
distribution of the diffracted radiation matched that of a powder 
sample of y-N^Al with random orientation, taken from the ASTM 
card file. 
There is evidence   that  the 6-NiAl and e-Ni Al phases form 
after very long diffusion times.  However, these two phases were 
not observed either by previous workersv '  ' '  or under the 
conditions listed in Table I.  This could possibly be due to the 
fact that these phases do not grow to any appreciable thickness 
under the temperatures and times employed during the current 
experiments.  Elevated temperatures could conceivably accelerate 
the growth of these phases by increasing the magnitude of the 
respective diffusion coefficients, while smaller concentration 
gradients across these phases could result in slower growth 
rates.  The 6-NiAl phase is the only congruently melting phase 
in the nickel-aluminum system. However, contrary to predictions 
of first phase nucleation based upon the R -rule    it appears 
that it is not the first phase to nucleate.  Figure 3a is a 
micrograph of a section of a nickel/aluminum/uranium couple which 
was heated to 575 C and cooled at rates identical to those used 
in making the couples listed in Tables I and TV".  The heating 
time amounted to approximately 25 minutes, but it appears that 
even at short times, two phases (g-NLAl- and Y-NI-JAI-I) are present 
(Figure 3b).  The average thickness of the 8-NiAl- layer is 
slightly more than that of the y-Ni-Al_ phase.  Measurements of the 
layer thicknesses Indicate that the average contribution due to 
diffusion during both heating and cooling cycles is about 5 Vims. 
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It is possible that all the intermediate phases predicted by 
the phase diagram do not nucleate simultaneously, but in a sequence 
with B-NiAl3 forming first.  The absence of the 6-NiAl and 
e-Ni-Al phases can be attributed to either lower diffusivities 
or to the presence of other rapidly growing phases (like y-NijAl^ 
(25) 
for example) which do so at the expense of these phases. 
Darroudi, et al.    have followed up on Castleman's^ ^ work 
showing that an intermediate phase can remain thin if the flux 
through the phase decreases when the phase thickens. They 
approximate the flux (J.) through the i-th phase in a multiphase 
system, by the expression -D.• (AC/Ar) where D. representa the 
interdiffusion coefficient, AC, the solubility range of the phase, 
and Ar the thickness of the phase.  They then show that if the 
quantity D..AC is small, then Ar will also be small to maintain 
t (37- 
a finite flux in the i-th phase. Table V shows values of D. 
Figure 15) 
and AC (see Figure 4) taken from the available 
literature.  It can be seen that the values of D.*AC for the 
<5-NiAl, c-Ni_Al and C-Ni phases is much smaller than that for the 
Y-Ni-Al-.  Hence, then thickness for each of these phases will 
also be small relative to the y-Ni_Al phase.  This would make 
these phases difficult to observe in a light microscope. 
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A.3  The Uranium-Aluminum System - Previous Work 
In this section, the previous work of two independent groups 
(2 6^ 
of investigators  '  are summarized first, for the sake of 
convenience, to facilitate a comparison with the results of the 
present investigation. 
Using X-ray diffraction techniques, LeClaire and Bear 
have reported the presence of the n-UAl- phase in the region 
adjacent to the irregular interface at the pure-uranium end 
of a uranium-aluminum diffusion couple.  They observed an increase 
in the amount of this phase with increasing pressure, and also 
with increasing temperature, up to a certain limit.  They have 
also reported the substantial growth of the c-UAl- phase and 
again, an increase in the growth rate of this phase with increasing 
pressure.  Finally, they obtained some indication of the third 
intermediate phase in this system (the c-UAl, phase), in some 
diffusion couples made at lower temperatures (500 -540 C).  Based 
on experimental and theoretical evidence available then, they 
conclude that, while pressure has only a "very small effect" 
upon the diffusion coefficients of the intermediate phases, it 
could appreciably affect the concentration limits of the phases. 
They contend that since there is a volume increase upon transfor- 
mation from the pure metals to the intermediate phases during 
diffusion, the application of pressure renders the resulting 
compounds unstable, altering their homogeneity range.  This results 
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In an increased growth rate.  Lastly, they speculate as to the 
existence of a high-pressure, low-temperature phase, possible 
UA1, which then decomposes to give uranium and n-UAl2 in the 
region adjacent to the interface at the pure-uranium end of the 
diffusion couple. 
(2) 
Castleman   also reports the substantial growth of the 
C-UA1. phase and further, the presence of only one other phase— 
the n-UAl2 phase, sometimes as a thin layer adjacent to the pure 
uranium end member, and in the form of precipitates "contiguous" 
to the isolated "islands" of unrcacted uranium in the intermediate 
phase layer. He advances the following growth mechanism to 
account for the observed morphology of the intermediate phase 
layer. The movement of the irregular interface at the pure- 
uranium end of the couple is very rapid. As it moves into the 
uranium end member, it entraps regions of uranium which are 
eventually consolidated into the intermediate phase layer by 
reaction with the surrounding UA1„ to form first UA1-, and then 
eventually UA1-, as interdiffusion is allowed to continue.  In 
(2) 
addition, Castleman   also reports an increase in intermediate 
layer growth with increasing pressure and that the growth is 
parabolic with respect to time. He attributes the increase in 
intermetallic layer thickness with increasing pressure, to the 
mechanical closure of Kirdendall voids generated during diffusion 
(21) 
in the system. He has estimated, separately,    the effect of 
pressure on concentration limits in the uranium-aluminum system, 
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and concluded that changes in interfacial concentrations under 
applied pressure are probably not sufficient to account for the 
observed pressure-effect. 
Both groups of Investigators  '   observed cracks in the 
intermediate phase layer.  In summary, there appears to be no 
controversy regarding the overall macroscopic nature of the 
intermediate phase layer in the uranium-aluminum system. 
Differences arise only in the number of the various phases 
that comprise this layer.  An attempt is made in the current 
investigation to resolve the issues, using the more recently 
available electron optical examination techniques, and to also 
investigate the effect of pressure on the growth rate of the 
intermediate phase layer in the uranium-aluminum system. 
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4.4  The Uranium-Aluminum System - Pressure Related Experiments 
The experiments conducted during the current investigation 
were confined to relatively short diffusion times, because the 
observed pressure effect was reported to vanish   after longer 
diffusion times (for example, greater than 10,000 seconds) and also 
because intermediate phase growth in this system is very rapid. 
Since a "multiphase region" was observed which was generally 
similar to that previously observed by other investigators, a 
choice of "proper" thickness measurements had to be made.  The 
entire thickness of the intermediate phase layer was used in the 
determination of the C-UA1- phase growth kinetics; no attempt 
was made to correct for the "multiphase" region that was 
observed in all the diffusion couples made in the hot-press. A 
more complete discussion of this microstructural problem, as well 
as the justification for the use of the entire layer thickness 
in the determination of growth rates, is provided in the next 
section on the microstructural investigation. 
The results of the pressure-related diffusion experiments 
between pure uranium and aluminum are given in Table VI.  The 
figures in parentheses represent the same layer thicknesses 
"corrected" for cracks and voids. This was done in an effort to 
determine "effective" layer thicknesses, if the intermediate 
phase remained defect free. The "effective" thickness refers to 
the thickness of the intermediate phase layer as it existed during 
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^ 
the diffusion process under pressure, free of fissures, voids, 
etc.  The values marked with an asterisk in Table VI are those 
obtained from experiments that were repetitions.  These experiments 
were run to ensure reproducibility.  In certain couples (600 C, 
9000 seconds) a disc of pure-nickel was introduced on the opposite 
side of the aluminum end member.  The extent of intermediate phase 
formation between the nickel and aluminum was compared with 
previously obtained results (oee Table I) and this served as 
a check on the temperature measurements. 
Non-parabolic growth rates were obtained at 550 C.  The 
probable reason for this is discussed at the end of the section 
on the microstructural investigation.  Data at 600 C was not 
available to check the time dependence of layer growth.  The growth 
rate of the intermediate phase is governed by the equation: 
,1/n 
x - a t 
where a and n are constants (n is equal to 2 when growth rate 
is parabolic), x is the thickness of the intermediate phase and 
t is the time elapsed. 
The 0 MPa and 138 MPa experiments conducted at 550 C gave 
very high, but comparable growth rates (n=5) . The 69 MPa 
experiments gave lower growth rates (linear, in fact, with n=1.0). 
Plots of intermediate phase layer thickness versus pressure 
are shown in Figures 15 and 16.  The effective thicknesses, 
determined as described earlier in this section, are also plotted 
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on the same graphs,along with the previously published results 
of the two other groups of investigators to provide a 
comparison.  It can be seen that the extent of diffusion or 
intermediate phase formation (both "corrected"and "uncorrected" 
values) found in the present study, is of comparable magnitude to 
that obtained under similar conditions by the two other groups 
of investigators. However, there arose a question as to which 
set of data (0 MPa or 69 MPa) was suspect.  It is possible that 
either the 69 MPa readings were extremely low or that the 
0 MPa readings were higher than expected due to initial 
enhancement of diffusion by dislocations present in the 
metallic specimens being bonded.  Figure 3a represents a 
macrograph of a section of uranium/aluminum/nickel couple which 
was assembled with the usual precautions, and then heated up to 
575 C and cooled in Che hot-press (Figure 2). There is no 
doubt that the cavity in the TZM cup (or die), used to laterally 
constrain the specimens during diffusion under pressure, is 
completely filled.  Prior to heating, some initial stress is 
applied to the assembly to ensure good contact between specimens, 
and also with the thermocouple. This stress is higher than the 
yield stress of pure aluminum.  The aluminum undergoes plastic 
deformation as a consequence, and fills the die cavity.  When the 
temperature of the assembly is raised, the dislocations present in 
the metal discs are annealed out, because further plastic deformation 
is not possible.  This then precludes the possibility of a continued 
contribution to diffusion due to the presence of dislocations. 
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Hence, it was concluded that the 0 MPa set of data was 
acceptable and that the 69 MPa set of data was probably suspect. 
A microscopic examination of the intermediate phase layer in the 
69 MPa couple revealed large cracks and voids (for example, 
Figure 18, described in the next section) which quite conceivably 
could have retarded layer growth, resulting in unusually low 
values. Additional experiments performed at the same pressure 
also produced similar results (see Table VI); however, at higher 
pressures, this "artifact" seemed to disappear. At this point the 
phenomenon remains unexplained, and "least-square" fits were used 
to connect the data points.  No significant pressure-effect is 
observed after 9,000 seconds at 600 C. The pressure-effects 
observed at 550 C are comparable in magnitude to that reported 
previously (Figures 15 and 16). 
Electron probe microanalyses were carried out on the couples 
run at different pressures.  The purpose of the analyses was 
to determine any pressure-induced changes in interfacial concen- 
trations, which would, in turn, affect the intermediate phase 
growth rates.  A typical trace is shown in Figure 17.  Owing 
to the irregular nature of the interfacial region at the pure 
uranium end of the couples, the determination of the appropriate 
interfacial concentrations proved impossible. As shown in Figure 
17, compositions ranging in aluminum contents from 0 to 22 wt% 
were obtained in the interfacial region.  The intermediate phase 
at the pure-aluminum end appears to be a single-phase and of the 
nominal composition for C-UA1-.  Some consternation was caused by 
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the shape of the microprobe traces and scatter of data found in 
these traces.  Hence, a variety of different techniques were used 
to examine the microstructural details of the samples.  These 
are described in the next section. 
Since the determination of the interfacial concentrations 
proved impossible, it is concluded that the effect of pressure 
is most likely due to the mechanical closure, under applied 
pressure, of the Kirkcndall voids generated during diffusion. 
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4.5 The Uranium-Aluminum System - Microstructural Investigation 
Figure 18 and 19 are optical micrographs of typical 
uranium-aluminum diffusion couples run at 550 C and 600 C, 
respectively.  It can be seen that the intermediate phase layer 
appears to be more uniform at 600 C than at 550 C. All specimens 
were, however, characterized by the presence of cracks, mostly 
running parallel to the diffusion interfaces.  The intermediate 
phases that form during diffusion in this system are very brittle, 
especially at the lower temperatures, encountered during the 
cooling cycle, and tend to crack under the constraints imposed 
upon them by the geometry of the specimen configuration.  These 
cracks were in addition to the pores observed in many specimens 
(e.g. Figure 18). 
Figure 20 is a back-scattered electron image of the interfacial 
region at the uranium-rich end of a slowly cooled diffusion couple. 
The back-scattered electron yield is proportional to the average 
atomic number of the elements present in the area being imaged in 
a flat, polished sample.  Thus regions with higher average atomic 
number appear brighter in a back-scattered electron picture, while 
other regions with lower average atomic numbers acquire 
successively darker shades of grey, producing a qualitative 
"map" of chemical composition.  It can be seen that the inter- 
face at the uranium-rich end of the couple is not planar as in 
the nickel-aluminum system (Figure 12), but rather irregular and 
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"finger-like".  The regions of the couple imaged in Figure 20 
may be divided into three general areas:  a) the light-grey 
uranium-rich end (top of Figure 20) » b) a region with either 
very light or very dark grey contrast (bottom of Figure 20), 
and c) a mottled grey "multiphase" region in between, near the 
uranium-rich end of the couple. 
The brightest areas in Figure 20 were identified as being 
pure uranium, while the very dark-grey areas were identified 
as consisting entirely of the C-UA1_ phase.  This was achieved 
by electron microprobe point analyses on representative areas 
(in two couples, Figures 21 a,b) of the three regions described 
above in Figure 20. The third region in Figure 20 with the 
"mottled" grey appearance,(where electron probe microanalysis 
proved inconclusive), was subjected to a more careful examination 
using the back-scattered electron imaging technique at very 
high magnifications. 
Figure 22 is a high magnification, back-scattered electron 
image of the "multiphase" region found in the sample whose 
probe trace is shown in Figure 17.  The image shown in Figure 
22 is fairly representative of the multiphase region that was 
observed in all of the couples examined.  The multiphase region 
is shown to consist of at least three distinct "phases" (from 
the three distinctive shades of grey visible in the photograph). 
Since the SEM operating conditions under which these images 
were obtained, were almost identical to those used for imaging 
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at lower magnifications, it was concluded, by inference, that 
the brightest regions consist of pure uranium while the very 
dark grey regions are ;-UAl_.  The intermediate grey region 
is probably n~UAl2, since it is the only intermediate phase 
indicated by the phase diagram (Figure 5) forming between £-UAl~ 
and uranium; also, all compounds are shown on the phase diagram 
as line compounds and uranium has negligible solubility for 
aluminum.  This fine dispersion of phases appears to be 
the cause of the variation in aluminum content obtained during 
electron probe microanalysis of this region (see Figure 17). 
As a result of the observation that multiphase regions were 
present in all the above specimens, an investigation was conducted 
to determine whether these regions formed during the cooling 
cycle.  Therefore, additional couples were fabricated using a 
conventional diffusion clamp (samples were sealed in an ampoule, 
heated, and then cooled rapidly by quenching in cold water). 
Figure 23 is a back-scattered electron picture of the interfacial 
region at the pure-uranium end of a rapidly cooled diffusion 
couple.  It is clear that there is no evidence of a multiphase 
region such as observed in the slowly cooled couples made in 
the hot press.  Electron probe microanalysis carried out on such 
a specimen also confirmed the presence of only two phases— 
pure uranium and £-UAl„. Hence it was concluded that the multi- 
phase region formed during the slow-cooling cycle by decomposition 
of the £-UAl., phase. 
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No evidence of a separate layer consisting of the n-UAl? 
phase was observed adjacent to the pure-uranium end-members 
in any of the diffusion couples studied.  These observations 
( 2 ) 
are contrary to those made by Castlcman    and summarized 
earlier. 
Since the c-UAl, phase was also not observed, the only 
intermediate phase present during the diffusion process is 
assumed to be the C-UA1- phase.  This may be taken as justifi- 
cation for the use of the thickness measurements (in the previous 
section) of the entire intermediate phase layer, in the deter- 
mination of the growth kinetics of the C-UA1 phase. 
Analysis of short-time diffusion runs reveals that inter- 
facial breakdown occurs very early in the growth process and 
becomes increasingly pronounced with time.  X-ray diffraction, 
carried out on the region adjacent to the uranium—UA1- interface, 
reveals no indication of preferred orientation in the C-UA1~ 
phase.  In contrast, an X-ray investigation of the iron-Fe^Al,. 
interfacial region in the iron-alurainuro system (where inter- 
facial breakdown has also been observed  '  '), gave some qualitative 
indication of a preferred growth direction in the n~Fe2^-^ phase. 
It is proposed, therefore, that interfacial breakdown is not 
a result of a preferred growth direction in the 5-UAl- structure 
but rather it is caused by a limited nucleation rate combined 
with a higher diffusion rate as discussed below. 
The n~UAl2 phase is the only congruently melting phase in the 
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uranium-aluminum phase diagram.  Therefore, according to the 
R -rule,    it should be the first phase to nucleate in a 
uranium-aluminum diffusion couple.  However, the absence of this 
phase may well be a result of slow growth kinetics, as shown by 
(2) 
Castleman.    Based on the above microstructural observations and 
the probe data, the following schematic model is developed to 
account for the observed behavior in the uranium-aluminum system. 
Figures 24a-d represent a series of schematic illustrations 
representing the different events, in sequence, occuring during 
diffusion in uranium-aluminum couples, according to the model 
proposed as a result of the present investigation. 
It is suggested that when uranium and aluminum interdiffuse 
(Figure 24a), the G-UA1- phase nucleates (Figure 24b) and grows 
rapidly (Figure 24c). A limited nucleation rate combined with a 
rapid diffusion rate creates an irregular interface.  This irregular 
interface moves rapidly, enveloping regions of unreacted uranium 
(2) 
("islands"), as proposed earlier by Castleman.    With the passage 
of time, these unreacted uranium "islands" diminish in size by 
reaction with the diffusing aluminum atoms to form C-UA13. 
Eventually, the intermediate phase becomes fully consolidated and 
appears as a homogeneous, single-phase region adjacent to the pure- 
aluminum end of the diffusion couple. The irregular interface 
at the pure-uranium end, in the intervening period, has moved on 
further, enveloping more "islands" of uranium in the process.  In 
time, these again diminish in size and consolidate as explained above. 
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This is the mechanism for the growth of the £-UAi_ phase.  The 
T1-UAI2 and c-UAl, phases do not form during diffusion to any 
significant degree, and are not observed in diffusion couples as 
(2) 
continuous layers.  Even in highly restricted couples, Castleman 
has shown that the growth kinetics of these phases are slow.  The 
TVUAI2 phase is observed only near the interface at the pure uranium 
end in slowly-cooled diffusion couples (Figure 24d) and is a 
result of the decomposition of the C-UA1_ phase during the cooling 
cycle, as explained earlier in this section. All three phases 
have negative free energies of formation at 550 C and hence there 
is no thermodynamic barrier to their nucleation. All three compounds 
are also shown as "line" compounds in the uranium-aluminum phase 
diagram, though compositonal gradients probably do exist in each 
phase. There is, however, some evidence of significant compositional 
gradients in the C-UA1- phase, as demonstrated in the current 
(1 2) investigation (see Figure 17) and elsewhere in the literature.  ' 
This could be a major contributing factor to the rapid growth of 
the c-UAl- phase, in comparison to the other phases. Hence, during 
diffusion at high temperatures, only the C-UAl, phase grows to any 
significant extent.  It is proposed, that since theC-UAl., phase 
exists over a finite composition range rather than a "line" 
compound, a region exists at elevated temperatures, that will 
transform to r>-UAl2 and other reaction products at lower temperatures, 
accounting for the "multiphase" region.  It is probable that this 
composition range for the UA1-, phase is associated with the existence 
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of non-stoichioraetric defect structures that enhance diffusion 
in this phase.  At lower temperatures, during slow cooling, the 
non-stoichioraetric UAl^ phase adjacent to the pure uranium end 
member decomposes and produces n-UAl? as a by-product.  Fast- 
cooling appears to suppress this decomposition (Figure 23) . 
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^-6  The Uranium-Copper System - Pressure Related Experiments 
Pressure-related diffusion experiments were performed in 
the uranium-copper system because of several experimental or 
fundamental aspects which do relate to the aluminum-X systems 
discussed abeve- 
a) Firstly, a pressure effect had been observed previously. 
The conditions under which the current experiments were run were 
identical to those employed by Adda, et al. 
b) Secondly, only one phase (UCu,-) forms during diffusion 
in this system, making it an ideal system for an investigation 
of the effects of pressure on intermediate phase growth rates. 
c) Lastly, these experiments served as a check on the tempera- 
ture measuring capabilities of the system employed in the current 
investigation. 
Adda, et al.   have investigated both the uranium-copper and 
the uranium-aluminum systems. They observed pressure-effects in 
both systems, i.e., an increase in the extent of intermediate 
phase growth, with an increase in external applied stress. They 
also reported a steep concentration gradient to exist in the 
intermediate phase (UCu,-) in couples run under zero pressure, 
in comparison to no measurable gradient in the higher pressure runs. 
This is contradictory to the observed increase in intermediate 
phase layer thickness with increasing pressure. The authors 
attempt to explain this "paradox" and propose that substitution of 
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aluminum or copper atoms by larger uranium atoms would "stuff" the 
lattice such that the activation energy for diffusion is increased. 
Therefore, non-stoichiometric structures found on the urnaium-rich 
side would constitute a "diffusion-barrier" rather than enhancing 
diffusion, as in an open structure.  The application of pressure 
enhances diffusion rates by lowering the stability of these 
"stuffed" non-stoichiometric structures. 
Figure 25 iB a plot of UCu- layer thickness versus pressure 
at 700 C and after an elapsed time of 57,600 seconds (16 hrs.) 
as obtained in the present study.  The results obtained previously 
by Adda and coworkers   are also shown in this figure for compari- 
son. The extent of layer growth in the present study is slightly 
larger than that observed by Adda and coworkers. The results 
indicate a small initial increase followed by a larger decrease 
in layer growth, with an increase in pressure from 0 to 138 MPa. 
The two lower pressure points in the present study (Figure 25). 
appear consistent with the earlier published findings. However, 
there was a minor upward temperature excursion during the 69 MPa 
run, which could also contribute to the slightly higher value 
of layer thickness measured in this case.  The result at the highest 
pressure clearly shows an opposite trend and therefore no significant 
increase in intermediate phase layer growth is observed. A least 
squares line has been drawn through the data from the present study 
(Figure 25). While the line indicates a decrease in UCu5 layer 
thickness with increasing pressure, without further study, its 
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physical significance would be difficult to explain. 
Electron probe microanalysis carried out on two specimens 
run at different pressures (0 and 69 MPa), indicate no change 
in interfacial concentrations with increasing pressure and also 
no appreciable gradient in either specimen.  This again is 
contrary to the observations of Adda and coworkers. 
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4.7  Discussion - First Phase Nucleatlon 
In Type Al-X Metallic Systems 
Predictions based upon the P^-rule^   discussed earlier, 
indicate that the 6-NiAl and n-UAl2 phases should be the first to 
nucleate in the nickel-aluminum and uranium-aluminum systems, 
respectively.  In the former case, while no 6-NiAl was observed 
at short times, it has been observed in Ni-Al couples after very 
long periods of diffusion^ and in more restricted couples at 
elevated diffusion temperatures/ '  It cannot, however, be 
stated with absolute certainty that 6-NiAl is not the first 
phase to nucleate in nickel-aluminum diffusion couples. In the 
latter case, while the n-UAl2 phase has not been observed in some 
cases(1'31) during interdiffusion in the uranium-aluminum system, 
it has been shown in the present investigation, that the n-UAl2 
phase does form, but only as a result of the decomposition of 
the C-UA13 phase during a slow-cooling cycle.  In only two Al-X 
type systems—niobium-aluminum    and iron-aluminum 
are the predictions of the R2-rule reasonably justified for 
(27) 
first phase nucleation.  In the Nb-Al system, Ogurtani    has 
reported the formation of only the Al3Nb phase. Although 
Nicholls^11^ and Ryabov^12^ have observed the formation of only 
(48,49) 
the rrFe2Al5 phase in the Fe-Al system, there is evidence 
that the n-FeAl3 phase does form in the presence of silicon 
(in the iron) which reduces the n-Fe2Al5 phase growth rate. 
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Both sets of observations are consistent with the predictions 
2 
of the R -rule.  It appears, however, that the rule in its 
present form, is not an appropriate basis for the prediction 
of first phase nucleation in Al-X type metallic systems. 
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5.0 SUMMARY AND CONCLUSIONS 
5.1 The Nickel-Aluminum System 
Two types of couples were examined:  Ni-Al and NiAl-Al.  Only 
two phases were visible in all the couples manufactured—the 0-NiAl- 
and Y~Ni2A^"3 Pnases*  Thc results of the current investigation in 
this system indicate that there is no significant change in 
■y-Ni2Al» phase growth under external applied pressure in the 
range from 0 to 621 MPa after elapsed times greater than 3 hrs., 
at temperatures of 550°C, 575°C and 600°C.  Only the shortest time 
and lowest temperature series (2.5 hrs., 550 C) indicated a 
consistent decrease in y-Ni-Al layer growth with increasing 
pressure in agreement with the results of previous investigators. 
These results are compatible with theoretical estimates of the 
effects of hydrostatic pressure on the interdiffusion coefficient 
and on the extent of intermediate phase layer growth. Also, no 
changes are detected in interfacial concentrations under the 
stresses applied. Although the 0-NiAl- phase exhibits a decrease 
in growth rate with increasing pressure, the magnitude of the 
effect is of the order of the standard deviation for the thickness 
measurements.  These results are contrary to the earlier work of 
Storchheim, et al.   and Castleman and Seigle. 
The thickness of the B-NiAl- phase is greater in NiAl-Al 
couples while that of the Y-N1?A1„ phase is greater in the Ni-Al 
couples.  Differences in grain size and morphology of the two 
phases were also observed under polarized light. The grain structure 
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of the g-NiAl- phase is columnar in both types of couples, while 
that of the Y-Ni-Al- phase is columnar only in NiAl-Al couples.  In 
Ni-Al couples, the Y~phase grains are smaller and more equiaxed; X-ray 
diffraction reveals no preferred orientation in the Y-Ni~Al_ phase 
in Ni-Al couples.  A simple interface nucleation model (Figs. 14a,b) 
and flux considerations in the two kinds of couples may be used to 
qualitatively account for all the observations. 
5.2 The Uranium-Aluminum System 
An increase in £-UAl_ layer growth was observed with an increase 
in external applied pressure from 0 to 138 MPa at 550 C and after 
diffusion times of 3600 and 9000 seconds (1 and 2.5 hrs., respectively). 
However, no effect is evident after 9000 seconds at 600 C.  The 
magnitude of the effect is comparable to that observed previously 
(1  ft) 
by independent groups of investigators.  '  The pressure-effect is 
attributable to mechanical closure of Kirkendall voids generated 
during diffusion. 
Interfacial breakdown is observed in all U-Al couples near the 
pure-uranium end.  The intermediate phase layer is brittle and 
characterized by cracks and voids at 550 C, but more uniform in 
appearance at 600 C.  Back-scattered electron imaging on the scanning 
electron microscope reveals the presence of a "multiphase" region 
(consisting of 3 phases—U, UAI2 and UAlO at the uranium-rich end 
of the diffusion couples.  This region is shown to occur during slow 
cooling as a result of the decomposition of UAl^.  No such region was 
observed in fast-cooled couples.  A model is presented that describes 
the sequence of events followed during the diffusion and decomposition 
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processes.  Non-parabolic growth rates are obtained for the growth 
of the intermediate phase in U-Al couples.  This is contrary to 
(2) 
earlier observations by Castleman,   and is attributable to the 
breakdown in planarity of the interface near the high-uranium end 
of the couples. 
Interfacial concentrations could not be determined at the U-UA1_ 
interface, again due to the irregular nature of the interface and 
the presence of the "multiphase" region. 
X-ray diffraction reveals that the observed interfacial break- 
down is not related to the appearance of a preferred growth direction 
(texture) in the intermediate phase, unlike the case of the n-Al-Fe. 
phase in the Fe-Al system. 
5.3 The Uranium-Copper System 
Experiments conducted in this system reveal no effect of pressure 
on 6-UCu,. phase growth in the range from 0 to 138 MPa. This is con- 
trary to earlier observations by Adda and coworkers   under identical 
conditions of temperature (700 C and time (16 hrs.). Electron probe 
microanalysis reveals no change in interfacial concentrations with 
pressure and no measurable gradient in the 6-UCu,. phase, again 
contrary to the observations of Adda, et al. 
5.4 General 
An examination of the R -rule    as applied to the Al-X type 
metallic system, indicates that the rule does not appear to be an 
appropriate basis for the determination of first-phase nucleation 
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TABLE II 
Theoretical Estimates of the Effect of Hydrostatic Pressure 
le Diffusion Coefficient for i 
and Extent of y-Layer Growth 
on th y-NijAl- 
*AV » 0. 
a 
,75 V « 
M 
6.23cc/mc .le *AV - 
a 
0.5 VM ** 4.16cc/mole 
Pressure- 
V head Ap  (MPa) Rft(Z) Rx(%) AP (MPa) "»<« RX(Z) 
69 0.9425 5.75 2.9 69 0.9615 3.85 1.9 
138 0.8889 11.11 5.7 138 0.9242 7.58 3.9 
207 0.8373 16.27 8.5 207 0.8884 11.16 5.7 
345 0.7441 25.59 13.7 345 0.8211 17.89 9.4 
690 0.5533 44.67 25.6 690 0.6742 32.58 17.9 
1380 0.3062 69.38 44.7 1380 0.4545 54.55 32.6 
* Molar Volume (VM) for y-NinAl., at 60 atomic percent aluminum ■ 8.31cc/mole 
Gas constant « 82.06 cc-atm/ K/mole 
Temperature «= 873 K 
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TABLE III 
Interfacial Concentrations for the B-NiAl_ 
and y-NijAl., Phases in Nickel-Aluminum Diffusion Couples 
Pressure 
(MPa) 
B-NiAl3 (wt% Ni) 
Al + B/B B/B + y 
Y-Ni2Al3 (wt% Ni) 










(41.95) +2.38  (42.67)+0.42 (58.4) + 0.22 (60.73)+ 0.54 
0.25                     1.42                     0.43 0.19 
(42.76)+1.4     (42.94)+1.55 (58.8)+0.54 (61.3)   +0.42 
0.92                     0.83                     0.33 0.46 
42.0 42.0 56.0 60.0 
Note: Diffusion couples were run at 575 C and 345,600 sees. 
(96 hrs.) under pressures of 3.4 and 207 MPa. The numbers 
are in weight percent nickel. 
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TABLE IV 
Intermediate Phase Layer Thickness 
in 6-NiAl/Al Diffusion Couples (Microns) 
600°C, 9000 sees (2.5 hrs.) 
Pressure  
(MPa) 6-NiAl3      y-Ni2Al3 
0 10.5 + 1      42.7 + 1 
10.8 + 1      40.8 + 1 
69 *  ~       * 
138 7.8 + 1      40.7 + 1 
*Layers were broken up badly in both trials conducted; 
thickness measurements could not be made. 
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TABLE V 
Product of the Interdiffusion Coefficient and the 
Phase Width for Some of the Phases in the Ni-Al System 
Y - Ni2Al   6 - NiAl     e - NiyVl      C - Ni 
*v     ? -9 -13 -12 -15 D±*  (ctn /sec)  U  x 10 *    3 x 10 XJ    3 x 10 u    2.5 x 10 XJ 
AC+ (Phase      0.045      0.125       0.045        0.055 
Width) 
(wt% T 100) 
D± • Ac      1.8 x 10"10 3.75 x 10_1A 1.35 x 10-13 1.375 x lO-16 
* From Figure 15, p. 1383 of Reference 37 
t From ASM-Metals Handbook-V.8 (8th edition) 
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TABLE VI 
Intermediate Phase Layer Thicknesses in 
Uranium-Aluminum Diffusion Couples 
C-UA1- Layer Thickness (cm) 
Time,   
seconds   Pressure        550 C 600°C 
3600        0     0.113 (0.104) + 0.006 
(1 hr.) 
69     0.0765 (0.048) + 0.003 
0.0765 (0.048) + 0.003* 
0.0785 (0.048) + 0.003* 
138     0.139 (0.120) + 0.002 
9000        0 0.155 (0.128) + 0.003 
(2.5 hrs.) 
69 0.135 (0.116) + 0.004 
138 0.173 (0.153)++ 0.003 
9000        0 0.225 (0.204) + 0.003 
(2.5 hrs.) 
69 0.199 (0.189) + 0.005 
138 0.205 (0.192) + 0.003 
* Repeated Experiments 
t The UA1- layer was badly cracked. The value '0.153 cms' 
represents an approximate adjustment for cracks and voids. 
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APPLIED LOAD 














* METALLIC DISCS FOR DIFFUSION 
COUPLES. 
Figure 1.  Specimen Configuration Used in the Hot Press 
During Pressure-related Experiments. 
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r * 
Figure 2.  The Hot Pressing Equipment Used to Manufacture 




Note:  Inner Diameter of Cup = %  Inch 
Figure 3a. Section Showing Complete Filling of the Cavity in 
the TZM Cup After Heating to 575°C and Cooling in 






Figure 3b. Optical Micrograph of a Section of the Ni-Al 
Interface of the Couple Shown in Figure 15a. 
(1000X) 
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Al-Ni     Aluminum-Nickel 
-'.0 40 0        (.0       70     f    ?0 
300 
Al 10        20        30       40       50       GO       70       80       90        N; 
...A.w. Weight  Percentage Nickel 
Figure 4.  The Nickel-Aluminum Phase Diagram. 
Ref:  (ASM Metals Handbook - V. 8, 8th edition) 
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700 :  
►-•".■J<J« t'" nw 
f.no i   i t<* tr » 
Al 10        20       30       -10       50       60       70       80       90        U 
i_ c w. Weight Percentage Uranium 
Figure 5.  The Uranium-Aluminum Phase Diagram 
Ref:  (ASM Metals Handbook - V. 8, 8th edition) 
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Al-Fe     Aluminum-Iron 
f.0 70 f>1 
Fe 10        20        30        40       50        60       70        60       90        At 
L A WiHtj Weight Percentoge Aluminum 
Figure 6.  The Iron-Aluminum Phase Diagram 
Ref:  (ASM Ketals Handbook - V. 8, 8th edition) 
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Figure 7.  The Uranium-Copper Phase Diagram 










Ni-AI   SYSTEM 
f,§ THIS INVESTIGATION 
o CASTLEMAN 8 SEIGLE 
1 
600«C, 11400 sec (~3hrs)   . 
j$600-C, 9000 sec (2.5 hrs) - 
-o600#C, 9000sec (2.5 hrs) 
550»C, 9000 sec (2.5 hrs) 
O550*C. 9000 sec (2.5 hrs) 
I 1 I I I I I I 
0 25 50        75        100       125        150      175      200 
PRESSURE   (MPo) —•- 
Figure 8.  Plot of y-Ni^Al Layer Thicknesses in Ni-AI 
Diffusion Couples Run Under Varying Temperatures, 
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Ni-AI   SYSTEM 
t -28800 sec (8hrt) 
T-550-C 
100              200              300             400 
PRESSURE   (MPo) *- 
500 600 
Figure 9. Plot of y-Ni-Al Layer Thicknesses in Ni-AI 
Diffusion Couples Run at 550°C for 28,800 
sees. (8 hrs.) Under Varying Pressures. 
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Ni-AI  SYSTEM 
















§ THIS INVESTIGATION 
o CASTLEMAN 8 SEIGLE 
25 50 75 100 125 
PRESSURE (MPa) - 
150 175 200 
Figure 10. Plot of y-Ni?Al Layer Thicknesses in Ni-AI 
Diffusion Couples Run at 575°C for 345,600 









(a) (b) (c) 
■*■ x 
approximate probe analysis positions 
Figure 11.  Schematic Illustration of the Concentration 






Figure 12. Optical Micrograph of a Ni-Al Diffusion Couple 
Run at 600°C for 9000 sees. (2.5 hrs.) Under a 






Figure 13.  Optical Micrograph of a NiAl-Al Diffusion Couple 
Run at 600°C for 9000 sees. (2.5 hrs.) Under a 








• Proposed  Nucleation  Sites 
Figure 14a,b. Schematic Illustration of likely 6-NiAl- 
Nucleation Sites in Polycrystalline Ni-Al 
Couples and NiAl (single crystal)-Al Couples 
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Figure 15., Plot of UA13 Layer Growth in U-Al Diffusion 
Couples Run at 550°C for 3600 sees. (1 hr.) 
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Figure   16.     Plot of  UA1.,  Layer Growth  in U-Al Diffusion 
Couples Run at  550°C and  600°C for  9000  sees, 
















* PHASE DIAGRAM COMPOSITIONS 
OPERATING CONDITIONS' 
550#C, OMPo,  3600 sec. (I hr) 
URANIUM- 
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» PHASE * 
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Figure 17. Probe Trace in a U-Al Diffusion Couple Run at 
550°C for 3600 sees. (1 hr.) Under a Pressure 





Figure 18.  Optical Micrograph of a U-Al Couple Run at 550°C 






Figure 19.  Optical Micrograph of a U-Al Couple Run at 600°C 







Figure 20.  Back-Scattered Electron Image of the Interfacial 
Region Near the Pure-Uranium End of a Slowly Cooled 
U-Al Diffusion Couple Run at 550°C for 3600 sees. 
(1 hr.) Under a Pressure of 138 MPa Showing the 






Multi-phase region- w 
UA1, 
(a) 1500X (b) 1700X 
Figure 21. Back-Scattered Electron Images of the Interfacial 
Region Near the Pure-Uranium End of Slowly-Cooled U-Al 
Diffusion Couples Run at (a) 550°C for 3600 sees. 
(1 hr.) Under a Pressure of 138 MPa and (b) 600°C 
for 9000 sees. (2.5 hrs.) Under 0 MPa Showing Areas 




Figure 22.  High Magnification Back-Scattered Electron Image 
of an Area in a U-Al Couple (Run at 550°C for 3600 
sees. Under a Pressure of 0 MPa) Representative of 
the Multi-phase Region Marked X in Figure 19, Although 




Figure 23. Back-Scattered Electron Image of a Fast Cooled 
(Water-Quenched) U-Al Couple Run at 600°C for 
1800 sees. (.5 hrs.) Using a Conventional Clarap 








Figure 24a,b,c, Schematic Illustration of Intermediate 
Phase Layer Growth in U-Al Couples. 
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Figure 24d.     Schematic  Illustration of  U-Al Diffusion Couple 
Subjected  to   Slow Cooling. 
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§ THIS  INVESTIGATION 
• ADDA, et ol 
OPERATING CONDITIONS' 
T-700-C 
t- 16 hrs 
4- 
25 50 75 100 
PRESSURE (MPa)—- 
125 150 
Figure 25.  Plot of 6-UCu5 Layer Thicknesses in U-Cu Diffusion 
Couples Run at 700°C for 57,600 sees. (16 hrs.) 
Under Varying Pressures. 
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APPENDIX A 
A discussion of the sources of error in the compositional 
analyses carried out using the electron probe X-ray microanalyzer 
is necessary since they limit the resolution and sensitivity of 
the techniques used in the present study. 
There are 3 prime sources of error in microprobe analysis, 
and they are as follows: 
a) absorption - due to the fact that X-rays are not generated 
at the surface of the specimen and consequently, have to travel 
a certain distance in the specimen before arriving at the surface 
to be detected.  To minimize this error, lower operating voltages 
were used along with a high detector take-off angle, to minimize 
the depth at which the X-rays are generated and the travel distance 
of these X-rays from the specimen surface to the detector, respectively, 
b) fluorescence - due to secondary excitation of other elements 
in the specimen, by the X-rays generated from the atoms of the 
particular element being analyzed. 
c) due to differences in average atomic number, the analysis 
of a heavy element in a light matrix yields lower intensity values 
because of higher back-scattered electron yield. Hence, fewer 
beam electrons are available for X-ray production. By the same 
token, the analysis of a light element in a relatively heavy 
matrix yields higher intensity values. 
Errors in the analysis also arise from the nature of the 
106 
specimen—in the vicinity of the diffusion interface, either due 
to sampling of X-ray intensities on both sides, or due to differences 
in the levels of the specimen surface on both sides of the interface. 
The latter can be minimized by careful specimen preparation, while 
the former is governed by the size of the electron probe—the 
Gmaller the probe, the greater the resolution.  However, the 
intensity of X-rays produced drops with decreasing probe size 
and longer counting times are necessary for an analysis. A 
high detector take-off angle (=52.5°) maximizes the X-ray signal 
from the area of interest in the specimen. 
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